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Conducting polymer polyaniline (PANI) was synthesized in the presence of 
dispersed pulp fibers in the polymerization reaction to yield PANI/pulp composite fibers, 
which is then formed into a conducting paper sheet. The paper surface is observed using 
scanning electron microscopy, and electrical conductivity and electron spin resonance 
measurements are performed. This simple, convenient method for preparing organic 
conducting materials should prove useful for industrial applications, and the present 
results encourage further study in the new field of “textile electronics”.  
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Polyaniline (PANI) is one of the most promising conducting polymers. The synthesis of 
PANI is different from the more general methods used for the production of other 
conducting polymers. For instance, polyacetylenes [1], polythiophenes [2], polypyrroles 
[3], and polyphenylene-vinylenes [4] are synthesized in organic media with the aid of 
metal complex catalysts under an argon or dry air atmosphere. In contrast, PANI is 
generally synthesized in water with an oxidizer [5-8]. Furthermore, production of PANI 
is possible in ambient atmosphere (without requiring inert gas).  
PANI has been applied in various industrial applications such as a buffer layer in 
organic electroluminescent devices, organic electrodes, and conductors, because of its 
low cost, simplicity, and convenient synthesis. On the other hand, PANI is difficult to 
process. Although organic solvents, such an N-methylpyrrolidone and m-cresol, can 
dissolve PANI, the high boiling points and toxicity of these solvents are a barrier to the 
use of PANI films in industrial applications. To improve processability, an anionic 
surfactant has been employed in the synthesis of colloidal anilines [9].  
Cellulose has been applied for industrial materials and contributed to enrichment of 
our life. Cellulose science and technology are progressing, such as application of 
Goto, H. Textile Research Journal 81(2) 122–127 (2011) 
ultrasound [10], wound-care materials for medical application [11]. Especially, cellulose 
nanofiber has been developed [12-14].  
Many examples of conducting polymer composites have been prepared since 
discovery of conducting polymers [15]. Recently, nanocomposites from cellulose 
nanofibrils and PANI were developed [16].  
Application of textile technology to the production of conducting materials is 
expected to lessen the processing drawbacks and new functionality [17]. PANI 
composite has been applied for actuators [18] and sensors [19]. In this study, PANI and 
pulp were combined. A PANI/pulp composite was successfully prepared by the 
polymerization of aniline monomers on the surface of pulp in water. The composite thus 
synthesized was formed into a conducting paper sheet, which had favorable electrical 
conductivity, and pulp-like processability.  
An electrically conducting sheet was prepared, its surface structure was examined, 
and the charge carriers were examined using electron magnetic spin resonance (ESR). 
 
EXPERIMENTAL 
Preparation of PANI/pulp composite 
Aniline, pulp, and H2SO4 were added to 60 mL of water in an Erlenmeyer flask at 
room temperature to form aniline sulfate. The mixture was stirred for 30 min at 0 C. 
Subsequently, 20 mL of pre-cooled ammonium persulfate (APS, (NH4)2S2O8) in water 
solution was slowly added to the mixture at 0 C. After 24 h, the mixture was filtered, 
soaked, and vigorously washed in a large volume of water with magnetic stirrer for 12 h, 
filtered again, and then washed in a large volume of methanol for 12 h. After filtration, 
the PANI/pulp was dried. The quantities of aniline, H2SO4, APS, and water used in the 
experiments are summarized in Table 1. Twelve variations of aniline/pulp composite 
preparation were performed. The molecular structure of APS is shown in Figure 1(a).  
 
Figure 1. 
 
PANI was successfully deposited on the pulp surface. Usually, PANI residue 
attaches to the wall of the reaction vessel used in the polymerization. This wall residue 
is often difficult to remove. Interestingly, in the current work, the Erlenmeyer flask wall 
remained relatively clear. This may be due to the capillary effect of the pulp effectively 
causing both adsorption of the monomer between pulp fibers and absorption of 
monomer in individual pulp fibers, as shown in Figures 1(b) and (c). Subsequently, the 
polymerization reaction occurred on the surface of the pulp. The brushed pulp fibers 
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functioned as a reaction field, yielding PANI. As a second alternative explanation for 
the visually clear flask wall, PANI residue on the wall of the reaction vessel may have 
been mechanically removed and/or washed off by the pulp and PANI/pulp during the 
reaction. This process allowed effective polymerization on the pulp to yield 
PANI-coated pulp (Figure 1(d)). A plausible cross-sectional structure of the fiber is 
shown in Figure 1(e). The skin of the fiber was coated with PANI, and the PANI layer 
then grew into the pulp. 
 
Papermaking 
A PANI/pulp composite sheet was prepared using a papermaking technique. Once 
the composite fibers were dispersed in a large volume of water, the suspension was 
filtered with a fine metal net. A wet sheet appeared on the filter net. The remaining 
water in the wet sheet was removed by pressing under a dry paper filter, and the sheet 
was then dried to yield a PANI/pulp composite paper. Figure 2(a) shows an image of 
the paper. The composite paper had a smooth surface and was sufficiently flexible to 
enable the preparation of paper-folding artwork (“origami”). Figures 2(b) and (c) show 
a conducting paper rose and a crane made from the PANI/pulp composite sheet, 
respectively. 
A two-layer paper can also be prepared by the papermaking technique, as shown in 
Figure 2(d). First, a PANI/pulp composite sheet was prepared on the metal net using the 
above technique. Residual water in the composite was removed by pressing under a dry 
filter paper, and the sheet was peeled from the mesh. Next, a pure pulp sheet was 
fabricated on the net (without removing the residual water), and the composite was 
carefully placed on the wet paper. The stacked sheets were pressed under a dry paper 
filter to remove the water, and then dried to obtain a double-layer paper. The adhesion 
between the layers was very good. A dark emerald-green composite could be decollated 
by covering (or sandwiched) with another dyed paper (non conducting paper) layer by 
this method. Although the plain paper surface layer had no electrical conductivity, the 
double layer paper may serve as an electromagnetic barrier.  
Furthermore, thick composite materials can be prepared in the same manner, as 
shown in Figure 2(e). Generally, PANI film is prepared by casting (evaporation of 
solvent from a polymer solution to form a solid film) from N-methylpyrrolidone. 
Preparation of thick PANI films or ingots is very difficult by casting. In contrast, the 
papermaking technique easily allows thick sheets and ingots of organic conducting 
materials. 
Figure 2. 
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RESULTS AND DISCUSSION 
SEM 
Figure 3 displays scanning electron microscopic (SEM) images of the PANI/pulp 
composite. The lower magnification image indicates that the PANI coated the entire 
sheet, as shown in Figure 3(a,b). The higher magnification image shows fine 
fungus-like structures distributed over individual fibers (Figure 3(c.d)).  
It has been reported that polyanilines show nanotube or nanofiber structures [20]. 
However, the polyaniline prepared in the presence of pulp (cellulose) shows neither 
tubes nor fibers. The characteristic fungus-like structure of the composite in the present 
study can be derived from self-aggregation of the main chain. Interaction between 
hydroxy group in the cellulose and self-aggregation properties of the polyaniline during 
the polymerization allows formation of the sphere structure. 
 
Figure 3. 
 
ESR 
The PANI thus synthesized in the composite was in an oxidized (doped) state. It had 
charge carriers (radical cations and dications), and displayed electrical conductivity. 
ESR measurements were used to detect radicals in the PANI charge carriers. The ESR 
spectra of PANI/pulp composites are shown in Figure 4. The line shapes of the ESR 
signal are asymmetric Dysonian pattern observable for conducting polymers. The signal 
intensity from the samples increased with aniline feed ratio (corresponding to the 
amount of PANI in the composite) in the polymerization. This is because of an increase 
in charge carriers with increasing PANI content in the pulp fibers. Thus, a high PANI 
content in the composite afforded a high concentration of radicals. 
 
Figure 4. 
 
Electrical conductivity 
The electrical conductivity of the PANI/pulp composite was examined by the 
four-probe method. The data are summarized in Table 1. The conductivity was 
somewhat low (< 107 S/cm) at low PANI/pulp ratios ([aniline feed amount in the 
polymerization]/[pulp]). The conductivity increased to 1.9 x 102 S/cm with increasing 
polymer ratio, as shown in Figure 5. The conductivity became saturated at a ratio of 
about 35wt%. Although conductivity of the composite is low compared to that of the 
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PANI nanofiber [22], a composite with low PANI content and moderate conductivity (< 
102 S/cm) could be useful for applications for industrial use such as anti-static envelopes, 
conducting packages, and corrosion inhibitors. 
 
Mechanical properties 
The mechanical properties of the PANI/pulp paper sheet were examined by constant 
rate elongation method. Figure 6 shows stress curves as a function of elongation for the 
PANI/pulp paper (sample = run 12 in Table 1) and the standard paper at a rate of 20 
mm/min at 23 C. The PANI/pulp displays lower tensile strength (P) (PPANI/pulp = 1.5 
N/mm2) than that of the standard paper (Ppulp = 2.6 N/mm2). Gradually, fracture of the 
standard paper and the PANI/pulp paper sheet proceeded between 1.49 mm and 2.60 
mm, and 0.93 mm and 1.60 mm in elongation, respectively, indicating the strength of 
the PANI/pulp is lower than that of the standard paper. These results can be due to the 
fact that the hydrogen bonding between pulp fibers is depressed by the PANI coating 
layer. However, the functionality of the flexibility and the strength can be moderate for 
practical application as a conducting paper sheet. 
 
Figure 6. 
 
Figure 7 shows conductivity vs. twist angle for the composite sample. Here, the 
conductivity was calculated by the resistance () of the sample. Conductivity of the 
composite is almost constant at low bend angles. The conductivity increases with the 
angle () larger than 250. This may be due to the fact that the sample is partly 
compressed by the twist process. The mechanical pressure makes dense and promotes 
electronic contact between individual fibers in the sheet, resulting in the increase of 
electrical conductivity. The strain sensitive function may be applied for strain sensors. 
 
Figure 7. 
 
CONCLUSION 
PANI/pulp composite was prepared by polymerization in the presence of pulp. The 
composite fiber was processed using common papermaking techniques. The present 
research provides a new production method for conducting polymer sheets. This 
technique allows production of lower cost versions of anti-static flexible envelopes and 
conducting package. The paper folding technique (Origami) allows preparation of a 
three-dimensional object with conducting polymers [22].  
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This very simple and convenient method for preparing organic conducting materials 
should prove useful for industrial applications, and may contribute to new developments 
in the field of “textile electronics”. 
 
Experimental 
Absorption spectra were obtained using a Hitachi U-2000 spectrophotometer. ESR 
measurements of solid samples of the polymer were carried out with a JEOL JES 
TE-200 spectrometer with 100 kHz modulations. Electrical conductivities for the 
samples were obtained with Mitsubishi MCP-T610 and Hioki SM8213. The tension 
measurements were carried out with Autograph 100KN, AG-X (Shimazu, Japan). 
 
Materials 
Aniline (Tokyo Kasei, TCI) and water were distilled prior to use. APS (Kanto 
Chemicals, Japan) was used as received.  
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Table 1 Quantities of compounds used for the oxidative polymerization in the 
presence of pulp for the PANI/pulp paper sheets, and conductivities. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Run1 
 
Monomer2 
vs. pulp3 
(wt %) 
Monomer2 
(g) 
APS4 
(g) 
H2SO4 
(g) 
Water 
(mL)
Conductivity5  
(S/cm) 
1 2 0.06 0.06 0.02 80 <10-7 
2 4 0.12 0.12 0.04 80 <10-7 
3 8 0.24 0.24 0.08 80 <10-7 
4 10 0.3 0.3 0.1 80 6.2 x 10-6 
5 15 0.45 0.45 0.15 80 9.9 x 10-5 
6 20 0.6 0.6 0.2 80 3.6 x 10-4 
7 25 0.75 0.75 0.25 80 1.1 x 10-3 
8 30 0.9 0.9 0.3 80 5.7 x 10-3 
9 35 1.05 1.05 0.35 80 1.1 x 10-2 
10 40 1.2 1.2 0.4 80 1.2 x 10-2 
11 45 1.35 1.35 0.45 80 1.7 x 10-2 
12 50 1.5 1.5 0.5 80 1.9 x 10-2 
1Solution 1: A solution of dispersed pulp, aniline, and H2SO4 in water (60 mL) was 
stirred for 30 min at 0C. Solution 2: APS in water (20 mL) at 0C. Solution 2 was 
added to solution 1, and stirred for 24 h at 0C. 
2Aniline 
3NBKP/LBKP = 70/30, Canadian standard freeness (CSF) = 528 mL 
4APS = ammoinium persulfate, (NH4)2S2O8. 
5Measured using the four-probe method. 
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Figure 1 Schematic illustration of preparation of conducting paper sheet. (a) 
Aniline sulfate (monomer). (b) Monomers between individual pulp fibers. (c) 
Absorbed monomers inside the pulp fibers. (d) PANI/pulp composite. (e) Cross 
section of the composite. 
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Figure 2 (a) Conducting paper sheet based on a PANI/pulp composite prepared 
by a paper processing technique. A conducting paper rose (b) and crane (c) 
made from a PANI/paper composite sheet. (d) Scanning electron microscopic 
(SEM) image of a cross-section of a double-layer sheet (paper/PANI and pulp 
composite). (e) Thick sample. 
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Figure 3 Surface images of PANI/pulp composite (sample = run 12 in Table 1) 
obtained using scanning electron microscopy (SEM). (a) 230 x, (b) 1200 x, (c) 
5000 x, (d) 6000 x. 
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Figure 4 ESR spectra of PANI/pulp composite. 
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Figure 5  Electrical conductivity of PANI/pulp composite sheets. 
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Figure 6 Stress () as a function of elongation in tensile measurements for the 
PANI/pulp paper sheet (thick line, sample = run 12 in Table 1) and a paper sheet 
without conducting polymer. P = tensile strength. Elongation rate = 20 mm/min. 
Inset shows sample setting for the tensile strength measurement. 
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Figure 7 Conductivity of polyaniline/pulp paper sheet as a function of twist angle 
(degree, ). Inset shows sample size and twist of the PANI/pulp paper sheet. 
The conductivity values were estimated from the resistance values.  
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